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1. ABSTRACT

RyR2 function is regulated by highly conserved
signaling pathways that modulate excitation-contraction
(EC) coupling. cAMP dependent protein kinase (PKA)
phosphorylation of RyR2 plays an important role in
regulating channel function in response to stress signaled by
the sympathetic nervous system (the classic "fight or flight
response") (1).  PKA phosphorylation of RyR2 induces
dissociation of the regulatory protein FKBP12.6 resulting in
channels with increased sensitivity to Ca2+-induced Ca2+

release. Under normal physiological conditions (no cardiac
damage) PKA phosphorylation of RyR2 is part of an
integrated physiological response that leads to increased EC
coupling gain and increased cardiac output. PKA-
hyperphosphorylation of RyR2 in failing hearts is a
maladaptive response that results in depletion of FKBP12.6
from the RyR2 macromolecular complex and defective
channel function (pathologically increased sensitivity to
Ca2+-induced Ca2+ release) that may cause depletion of SR
Ca2+ and diastolic release of SR Ca2+ that can initiate
delayed after depolarizations (DADs) that trigger ventricular
arrhythmias (1). RyR2 mutations in patients with
catecholaminergic induced sudden cardiac death provide
further evidence linking the sympathetic nervous system,
RyR2 and ventricular arrhythmias  (2-4).  The chronic
hyperadrenergic state of heart failure is associated with
defective Ca2+ signaling in part due to PKA
hyperphosphorylation of RyR2.

2. INTRODUCTION

Although we now understand a great deal more
about the systems that regulate cardiac function than we did
20 years ago, this abundance of new knowledge brings with
it additional challenges.  It is becoming ever more apparent

that the concept of linear signaling pathways does not apply
to complex biological systems.  In this light disease states
that perturb normal signaling often cannot be explained by a
single defect in one pathway.  Accordingly, therapies of
many diseases likely will not succeed when they are targeted
only at one pathway in a complex parallel signaling system.
This review focuses on the ryanodine receptor (RyR2)/
calcium (Ca2+) release channel, on the cardiac  sarcoplasmic
reticulum (SR).  The RyR2 is one component of a complex
integrated system that regulates cytosolic [Ca2+] which in
turn controls cardiac muscle contraction and relaxation.
Many other molecules exert regulatory effects on Ca2+

homeostasis mechanisms in cardiomyocytes.  It is beyond
the scope of this focused review to address the full
complexities of this regulatory system and interested readers
are encouraged to read further  on the subject of cardiac
muscle function to get an overview that will help place the
present discussion in the proper global context.

3. RYANODINE RECEPTORS: STRUCTURE AND
FUNCTION

RyRs are members of a gene family that includes
three isoforms: RyR1, expressed predominantly in skeletal
muscle but also in non-muscle including the central nervous
system; RyR2, expressed predominantly in cardiac muscle
but also in non-muscle including the central nervous system;
and RyR3, expressed in specialized muscle and non-muscle
tissues including the brain. Primary structures of the three
RyR isoforms have been deduced from their corresponding
cDNAs (5-8) revealing >65% amino acid sequence
homology among them. Homotetramers of four RyRs, each
with a molecular mass of ~560,000 Da, comprise a single
RyR channel with a molecular mass in excess of 2.3 million
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Da.  RyR channels have enormous cytoplasmic domains
containing binding sites for proteins and other channel
modulators (e.g. Ca2+) that control the state of activity of the
channel-forming domain of the molecule.

Intact RyR have been isolated and purified from
skeletal (9-11) and cardiac muscles (12,13) after mild
CHAPS solubilization of heavy SR using 3H ryanodine as a
high affinity ligand.  Recombinant RyR1 has been expressed
in insect cells (14), Xenopus oocytes (15), HEK cells
(16,17), and CHO cells (18). Purified receptor has been
incorporated in planar lipid bilayers and demonstrates
characteristics identical to the Ca2+ release channel of the
heavy SR (9,17,19-23).  The activity of RyR is modulated by
a variety of agents.  Cytoplasmic Ca2+ activates the channel
at nM-µM concentrations, while mM concentrations inhibit
the channel (24).  Channels are activated by ATP (25) and
inhibited by Mg2+ (26). In addition to these physiological
regulators, useful modulators of RyR channel function
include caffeine, specific antibodies (27,28), ryanodine (29-
31), ruthenium red, and the immunosuppressant drugs
FK506 and rapamycin (14,32-34).

The regulation of cardiac EC coupling by the
release of Ca2+ from the sarcoplasmic reticulum (SR) via the
ryanodine receptor (RyR2) in cardiomyocytes, known as
Ca2+-induced Ca2+ release (CICR), has been appreciated for
more than a decade (35,36) and it is well known that the
amplitude of the Ca2+ transient generated by SR Ca2+ release
determines contractile force in cardiomyocytes. Systems that
regulate SR Ca2+ release include: 1) the triggers
(predominantly Ca2+ influx through the voltage-gated Ca2+

channel on the plasma membrane and secondarily Ca2+

influx via the Na+-Ca2+ exchanger); 2) the SR Ca2+ release
channel or type 2 ryanodine receptor (RyR2); 3) the SR Ca2+

reuptake pump (SERCA2a) and its regulator
phospholamban. These trigger, release, reuptake systems are
modulated by signaling pathways including the beta
adrenergic receptor (β-AR) signaling pathway (i.e.
phosphorylation by PKA).

3.1. RyR2 complex is formed via leucine/isoleucine
zippers

RyR1 and RyR2 contain highly conserved
leucine/isoleucine zippers (LIZs, α helical heptad repeats of
Leu/Ile residues) that bind to LIZs present in the
adaptor/targeting proteins for kinases (PKA) and
phosphatases (PP1 and PP2A) that regulate RyR channel
function and play a role in defects in channel function in
heart failure (1,37). A heptad repeat of hydrophobic residues
is the important feature of LIZs (38). Leu/Ile line up on one
face of the helix (3.5 residues/turn) and oligomerize with
other coiled coil helices. A 2nd important feature of LIZs is
that hydrophobic residues occupy the “a” as well as the “d”
(Leu/Ile) positions of the repeating heptad of a-g residues
that form the helix.  Leu residues can be replaced by Ile or
Val and can include "skips" and "hiccups" (39). Specificity
is imparted via the amino acids in the other positions in the
coiled-coil forming α helix.  We have identified leucine
heptad repeats in the cardiac RyR2 and the skeletal RyR1
that are involved in targeting kinases and phosphatases to the
channel (37) and the targeting of PKA, PP2A and PP1 to

RyR2 can be disrupted by mutating these leucine zipper
motifs (37).

Elucidating the role of LIZs in mediating the
targeting of specific kinases and phosphatases to RyR2
provides tools that can be used to specifically eliminate
PKA-dependent modulation of RyR2 function.  We have
used a specific RyR2 peptide containing LIZ3 to compete
the mAKAP/PKA complex from the channel (37)
demonstrating that it is possible to specifically determine
the effects of PKA phosphorylation of RyR2 (37).  This
approach can be adapted to in vivo studies by expressing
the specific peptides in cardiomyocytes to determine the
effects of inhibiting PKA phosphorylation of RyR2 in
intact cardiomyocytes (37).

3.2. FKBP12.6 regulates RyR2
A 12 and a 12.6-kDa protein respectively are

tightly associated with highly purified RyR1 and RyR2 and
modulate the function of the channels, possibly by
enhancing cooperativity among its four subunits (5,14,33,40-
42). The 12 kDa protein, was originally identified as a
peptide KC7 that co-purifies with RyR1 (5), and was later
shown to be FKBP12, the cytosolic binding protein for the
immunosuppressant drugs FK506 and rapamycin (43).
FKBP12 is expressed at high levels in all muscles (40).
FKBP12 and FKBP12.6 are cis-trans peptidyl-prolyl
isomerases and are members of the immunophilin family of
proteins (42). The molar ratio of FKBP12 to RyR1 in highly
purified RyR1 preparations is ~1:1 (44), indicating that one
FKBP12 molecule binds to each subunit of the Ca2+-release
channel or four FKBP12 molecules are part of  each RyR1-
channel complex.

In the absence of FKBP12/12.6, RyR1/RyR2
channels exhibit partial openings known as subconductance
states.  However, when RyR1 and FKBP12 were co-
expressed in insect cells, these subconductance states are
eliminated (14).  Similarly when FKBP12.6 was removed
from RyR2 with FK506 or rapamycin subconductances
appeared (33). These results indicate a cellular function for
FKBP12/12.6 and establish that functional Ca2+-release
channels are a complex composed of RyR and FKBP. These
results have recently been confirmed by other laboratories
(45-47). In addition to stabilizing RyR channels, FKBPs are
required for coupled gating (48,49); a phenomenon in which
two or more physically connected RyR channels can gate
simultaneously. Coupled gating provides a mechanism for
the coordinated activation and inactivation of RyR channels
(and thus Ca release) during EC coupling (48,49).

4. PKA PHOSPHORYLATION REGULATES RYR2
FUNCTION

Activation of the sympathetic nervous system in
response to stress raises circulating catecholamines that
activate β-adrenergic receptors and elevate intracellular
cAMP. Among the many targets for the cAMP-dependent
kinase PKA are the trigger for EC coupling, the L-type
channel, the release channel, RyR2, and phospholamban
which regulates the Ca2+-uptake pump SERCA2a (Figure1A).
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Figure 1. Modulation of cardiac excitation-contraction coupling by PKA phosphorylation. A) Key features of cardiac EC coupling
are show. Action potentials depolarize the transverse tubule (T-tubule) and activate voltage-gated Ca2+ channels (VGCC). Ca2+

influxes through VGCC and activates RyR2 (SR Ca2+ release channel). RyR2 releases  Ca2+ from the sarcoplasmic reticulum (SR)
raising [Ca2+]cyt from ~100 nM to ~1 µM. Ca2+ binding to troponin C induces a conformational change that activates muscle
contraction. Ca2+ is pumped back into the SR by the Ca2+-ATPase (SERCA2a). SERCA2a is inhibited by phospholamban (PLB).
RyR2 macromolecular complexes include four RyR2, each RyR2 binds one FKBP12.6, PKA catalytic and regulatory subunits
(RII) and mAKAP, PP2A and its targeting protein PR130, PP1 and its targeting protein spinophilin (only one of the four of each of
these proteins are shown except in 1C where four FKBP12.6 are shown) (1,37).  β-adrenergic receptor (β-AR) signaling pathway
is shown including β-AR in the plasmamembrane that activates adenylyl cyclase (AC) via G proteins (Gprot).  B) The “fight or
flight” response involves activation of the sympathetic nervous system resulting in the release of catecholamines into the
circulation that activate β-AR and elevate cAMP levels that in turn activate PKA (by causing the release of the PKA catalytic
subunit from its regulatory subunit) (1). PKA phosphorylates and activates: 1) the VGCC, increasing Ca2+ influx which activates
RyR2; 2) RyR2, increasing Ca2+-dependent activation thereby increasing EC coupling gain; 3) PLB, releasing inhibition of
SERCA2a and increasing SR Ca2+-uptake. Increasing EC coupling gain increases cardiac output. C) Decreased cardiac function in
heart failrue results in chronic activation of the fight or flight response (sympathetic nervous system) because the damaged heart
cannot adequately respond to increase cardiac output. The chronic hyperadrenergic state results leading to PKA
hyperphosphorylation of RyR2 (1).  PKA hyperphosphorylation is associated with reduced PP1 and PP2A levels in the RyR2
complex and depletion of FKBP12.6 from the RyR2 complex.  This pathologically increases Ca2+-dependent activation of RyR2
resulting in depletion of SR Ca2+ stores, uncoupling of RyR2 from each other (further reducing EC coupling gain) and potentially
providing diastolic SR Ca2+ release that can activate depolarizations that trigger fatal ventricular cardiac arrhythmias. D) β-AR
blockade restores FKBP12.6, PP1 and PP2A levels and RyR2 function in failing hearts (61).
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Thus, activation of the sympathetic nervous system (“fight
of flight” response) increases cardiac output by increasing
the gain of EC coupling due to PKA phosphorylation that
activates the trigger, the release channel and the SR Ca2+-
uptake pathway. PKA phosphorylation of RyR2 is
physiologically regulated in vivo in response to activation of
the sympathetic nervous system (“fight or flight” response)
and channels from failing hearts are PKA
hyperphosphorylated (due to a maladaptive response that
creates a chronic hyperadrenergic state) resulting in
dissociation of the FKBP12.6 and altered channel function
(1). Maladaptation of this physiological pathway, that has
never been subjected to evolutionary pressure since heart
failure is a new disease of the last century or two, plays an
important role in the pathophysiology of heart failure
(50,51).

Stimulation of the sympathetic nervous system
results in phosphorylation of RyR2 by PKA and activation
of the channel (Figure 1B). PKA phosphorylation potently
modulates RyR2 function and is physiologically regulated
in vivo (1,37,50-59). PKA hyperphosphorylation of RyR2
in failing hearts shifts the sensitivity of RyR2 to Ca2+-
induced Ca2+ release to the left (1) resulting in “leaky”
channels (Figure 1C) (channels with increased sensitivity to
Ca2+-induced Ca2+ release) that may cause diastolic Ca2+

release that generates delayed after depolarizations that
trigger VT (50,51).  SR Ca2+ leak during diastole can
generate “delayed after depolarizations” that can trigger
fatal cardiac arrhythmias (e.g. VT).

4.1. PKA Phosphorylation of RyR2 dissociates
FKBP12.6 from the channel

The RyR2 macromolecular complex includes
FKBP12.6, PKA and its targeting protein mAKAP, PP1 and
its targeting protein spinophilin and PP2A with its targeting
protein PR130 (1,37). Binding of FKBP12.6 to RyR2 is
physiologically regulated by PKA phosphorylation of the
channel which dissociates FKBP12.6 from RyR2 (1)
resulting in increased activity (increased Po) of RyR2.
Similarly, PKA phosphorylation of RyR1 also regulates
FKBP12 binding (Marks et al in preparation). Increased
RyR2 activity induced by dissociation of FKBP12.6 results
from a shift to the left in the Ca2+ dependence for RyR2
activation. Regulation of FKBP12.6 binding to RyR2 is an
important physiological modulator of EC coupling because
FKBP12.6 binding to RyR2 is involved in the regulation of
EC coupling gain (1,50,51), defined as the amount of SR
Ca2+ released for a given trigger (Ca2+ influx via the voltage-
gated Ca2+ channel) (60).  In failing hearts PKA
hyperphosphorylation of RyR2 also decreases coupled
gating between RyR2 (48,49) due to dissociation of
FKBP12.6 from the channel (unpublished data).  Reduced
coupled gating can further reduce EC coupling gain and may
lead to incomplete closure of RyR2 during diastole (50,51).
Administration of oral β-adrenergic receptor blocker
(metoprolol 25 mg b.i.d.) reverses the PKA
hyperphosphorylation of RyR2, restores normal
stoichiometry of the RyR2 macromolecular complex and
restores normal single channel function in a canine model of
heart failure (61).

RyR2 is PKA phosphorylated on Ser2809 (1) and by Ca2+-
CaM kinase (CamKII) on the same residue (53).  PKA
phosphorylation of RyR2 increases the activity (Po) of the
channel (1), increases 3H ryanodine binding (a surrogate for
RyR2 function) in cardiac myocytes (59) and increases Po of
RyR2 channels activated by flash photolysis of caged Ca2+

(58). In the latter experiments (58) the steady state Po of
PKA treated channels (PKA phosphorylation of RyR2 was
not determined in these experiments) was decreased possibly
due to subsequent dephosphorylation of RyR2 by bound
phosphatases that were not inhibited.  PKA dependent
phosphorylation reverses Mg2+ dependent inhibition of
RyR2, and induces subconductance states in planar lipid
bilayer experiments (52). Isoproterenol treatment of isolated
rat myocytes increases the phosphorylation of RyR2 (59)
and the amplitude of Ca2+ sparks (62). Other kinases
including CamKII phosphorylate RyR2 although there is
disagreement as to whether CamKII inhibits or activates
RyR2 (52,55,57,63).

Another effect of PKA hyperphosphorylation of
RyR2 in failing hearts would be to functionally uncouple
the channels from one another.  RyR2 are arranged on the
sarcoplasmic reticulum membrane in closely packed arrays
such that their large cytoplasmic domains contact one
another.  We have shown that multiple RyR2s can be
isolated under conditions such that they remain physically
coupled to one another (48,49).  When these coupled
channels are examined in planar lipid bilayers multiple
channels exhibit simultaneous gating termed “coupled
gating” (48,49). Removal of the regulatory subunit,
FKBP12.6, functionally but not physically uncouples
multiple RyR2 channels (49).  Coupled gating between
RyR2 channels may be an important regulatory mechanism
in EC coupling as well as other signaling pathways
involving intracellular Ca2+ release.  This may have
important implications for understanding the molecular
pathophysiology of heart failure in which PKA
hyperphosphorylation of RyR2 which dissociates
FKBP12.6 will inhibit coupled gating thereby reducing EC
coupling gain and promoting diastolic SR Ca2+ leaks
(DADs) that can trigger fatal cardiac arrhythmias.

4.2. Cellular affects of PKA phosphorylation of RyR2
There have also been apparently contradictory

findings showing that acute treatment with caffeine, which
activates RyR2, fails to alter cardiac EC coupling (64), or
acute administration of isoproterenol decreases Ca2+ spark
heterogeneity (65) or improves EC coupling in failing
cardiomyocytes (66). Despite the apparent contradictions
these findings from other groups are not at odds with our
data showing PKA hyperphosphorylation, FKBP12.6
depletion and increased Ca2+ sensitivity of RyR2 in failing
cardiomyocytes (1).  Since heart failure is a chronic disease
alterations in RyR2 structure and function in failing hearts
persist for months or years (1,50).  The consequences of
such chronic structural remodeling on RyR2 function are
quite distinct from the effects of acute administration of
stimulatory compounds such as caffeine or isoproterenol.
The acute administration of drugs can transiently modulate
RyR2 function allowing other Ca2+ handling molecules in
the cell to restore homeostasis when RyR2 function returns
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to normal. In contrast, the chronic alteration of RyR2
structure and function that occurs in failing hearts can
contribute to resetting SR Ca2+ content at a lower level due
in part to increased “leak” through PKA
hyperphosphorylated RyR2.  This reduction in SR Ca2+

content can contribute to reduced EC coupling gain (1,50).
Other alterations that occur in failing hearts such as a
decrease in SERCA2a expression and function and/or an
increase in Na+/Ca2+ exchanger compound these changes as
well (e.g. by reducing the amount of Ca2+ reuptake into the
SR).

It is important to emphasize the distinction
between acute administration of isoproterenol versus the
chronic hyperadrenergic state of heart failure. We have
shown that in heart failure there is an alteration in the
stoichiometry of the RyR2 macromolecular complex such
that there is a reduction in the amount of phosphatases (PP1
and PP2A) and FKBP12.6 in the complex (1). Moreover,
the altered stoichiometry of the RyR2 macromolecular
complex is associated with PKA hyperphosphorylation of
RyR2 [an increase in the stoichiometry of PKA
phosphorylation of the channel from ~1 (normal) to ~3.5
(heart failure) moles of phosphate/mole RyR2] (1).  It is
unlikely that acute administration of isoproterenol would
have the same affects on Ca2+ handling as chronic exposure
to the hyperadrenergic state of heart failure.  For example
there might be PKA hyperphosphorylation of RyR2 (but
possibly only if phosphatase inhibitors are included), some
dissociation of FKBP12.6 from the channel but probably
not the decrease in phosphatases in the RyR2
macromolecular complex.

Recently, Litwin and colleagues reported that
isoproterenol (100 nmol/L) induced a slight decrease in EC
coupling gain and decreased the heterogeneity in Ca2+

transients observed in a rabbit infarct model (65). The
decrease in EC coupling gain in the infarcted heart is
consistent with our data showing PKA
hyperphosphorylation of RyR2, which we predict would
lead to a reduction in SR Ca2+ content (which Litwin and
colleagues did not document but which has been shown by
others groups in heart failure (67), as opposed to infarct
models), as well as uncoupling of coupled RyR2 channels
(49).

Critically important in these types of studies is
that during isolation of the cardiomyocytes there can be a
restoration of normal function due to the ongoing activity
of phosphatases in the heart in the absence of phosphatase
inhibitors. Our data showing direct targeting of both PP1
and PP2A to RyR2 (1,37) indicate that the phosphatases
could be active during cardiomyocyte isolation and could
dephosphorylate the channel once the cells are removed
from the hyperadrenergic heart failure state in vivo.  If this
were the case it would explain at least in part why the cells
are responsive to isoproterenol and why there is only a
modest decrease in EC coupling gain and no decrease in SR
Ca2+ content. In short there may be a partial restoration of
normal function in cardiomyocytes once they are removed
from the heart failure milieu in the animal. Moreover, PKA
phosphorylation of specific targets within the

cardiomyocyte is compartmentalized such that some
proteins (e.g. RyR2) are PKA hyperphosphorylated in
failing hearts whereas other Ca2+ handling proteins such as
phospholamban are hypophosphorylated in the same hearts
(Marks et al unpublished observation).  Our recent data
showing that PKA, PP1 and PP2A are specifically targeted
to RyR2 via targeting proteins that bind to highly
conserved leucine/isoleucine zippers (1,37) on the channel
provide strong support for the concept of
compartmentalization of PKA signaling.

5. RYR2 MUTATIONS LINKED TO SUDDEN
CARDIAC DEATH

Recently eleven RyR2 missense mutations have
been linked to two inherited forms of sudden cardiac death
(SCD): 1) Catecholaminergic Polymorphic Ventricular
Tachycardia (CPVT) (2) or Familial Polymorphic VT
(FPVT) (3); and 2) Arrhythmogenic Right Ventricular
Dysplasia Type 2 (ARVD2) (4).  Interestingly, all eleven
RyR2 mutations cluster into 3 regions of the channel that
correspond to three Malignant Hyperthermia (MH)/Central
Core Disease (CCD) mutation regions of the highly
homologous skeletal muscle ryanodine receptor/Ca2+

release channel RyR1. Both RyR2 mutations linked to
genetic forms of catecholaminergic-induced VT and PKA
hyperphosphorylation of RyR2 in heart failure may alter
the regulation of the channel resulting in increased SR Ca2+

leak that triggers SCD. RyR2 mutations linked to exercise-
induced SCD may share common functional properties
with RyR1 mutations linked to MH and CCD.

The fact that RyR2 mutations have been
discovered in individuals with exercise-induced VT suggest
an association between PKA phosphorylation of the
channel (which is increased by activation of the
sympathetic nervous system) and the defective channel
function that predisposes to VT.  Another intriguing
possibility is that PKA phosphorylation of RyR2
exacerbates the defect in mutant RyR2 that are linked to
exercise-induced VT.

6. MOLECULAR MECHANISMS UNDERLYING β-
ADRENERGIC RECEPTOR BLOCKADE THERAPY
FOR HEART FAILURE

β-AR blockade is one of the most effective
treatments for heart failure. However, the use of β-AR
blockers in patients with heart failure is counterintuitive, as
they are known to decrease contractility in normal hearts. We
have recently shown that systemic oral administration of a β-
AR blocker reverses PKA hyperphosphorylation of RyR2,
restores the stoichiometry of the RyR2 macromolecular
complex and normalizes single channel function (Figure 1D)
in a canine model of heart failure (61). These results may, in
part, explain the improved cardiac function observed in heart
failure patients treated with β-AR blockers.

7. CONCLUSIONS AND PERSPECTIVES

Elucidation of the molecular basis of cardiac EC
coupling has improved our understanding of basic
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mechanisms that regulate cardiac function. Applications of
these new understandings to the problems of heart failure
and cardiac arrhythmogenesis have provided additional
new understandings with important therapeutic
implications. Complicating these new understandings are
the challenging problems of studying integrative
physiology using reductionist models.  Model systems, that
are necessitated by the complexity of cellular and organ
physiology, each provide additional challenges that must be
overcome.  As investigators our goal is to integrate data
from all useful models and adapt hypotheses to fit new
understandings.  To deny the validity of new observations
because at first blush they challenge closely held beliefs is
an approach that likely leads one into darkness.  Most often
tomorrow’s investigations uncover new threads of
understanding that tie together apparently disparate
observations. Such an inclusive approach to investigation
most often provides pathways towards the light and to
lasting truths.

A better understanding of the potential role of
PKA hyperphosphorylation of RyR2 in heart failure and its
role in the generation of fatal cardiac arrhythmias may
emerge from studying the biophysical properties of RyR2
mutations linked to catecholamine-induced ventricular
arrhythmias. However, integrating single channel data,
cellular and animal physiology and emerging with a
unifying mechanism that causes heart failure and SCD will
be a challenge. Nevertheless, elucidating the molecular
pathogenesis of heart failure and VT will be the basis for
strategies that lead to novel therapeutics.

8. ACKNOWLEDGMENTS

The work described in this review was
supported by grants from the NIH and the AHA.  The
author is a Doris Duke Foundation Distinguished Clinical
Scientist.

9. REFERENCES

1.  Marx, S. O., S. Reeked, Y. Hisamatsu, T. Jayaraman, D.
Burkhoff, N. Rosemblit, A. R. Marks: PKA
Phosphorylation Dissociates FKBP12.6 from the Calcium
Release Channel (Ryanodine Receptor): Defective
Regulation in Failing Hearts. Cell 101, 365-376 (2000)
2. Priori, S. G., C. Napolitano, N. Tiso, M. Memmi, G.
Vignati, R. Bloise, V. V. Sorrentino, G. A. Danieli:
Mutations in the Cardiac Ryanodine Receptor Gene
(hRyR2) Underlie Catecholaminergic Polymorphic
Ventricular Tachycardia. Circulation 103, 196-200 (2001)
3. Laitinen, P. J., K. M. Brown, K. Piippo, H. Swan, J.
M. Devaney, B. Brahmbhatt, E. A. Donarum, M. Marino,
N. Tiso, M. Viitasalo, L. Toivonen, D. A. Stephan, K.
Kontula: Mutations of the cardiac ryanodine receptor
(RyR2) gene in familial polymorphic ventricular
tachycardia. Circulation 103, 485-490 (2001)
4. Tiso, N., D. A. Stephan, A. Nava, A. Bagattin, J. M.
Devaney, F. Stanchi, G. Larderet, B. Brahmbhatt, K.
Brown, B. Bauce, M. Muriago, C. Basso, G. Thiene, G. A.
Danieli, A. Rampazzo: Identification of mutations in the
cardiac ryanodine receptor gene in families affected with

arrhythmogenic right ventricular cardiomyopathy type 2
(ARVD2). Hum Mol Genet 10, 189-194 (2001)
5. Marks, A. R., P. Tempst, K. S. Hwang, M. B.
Taubman, M. Inui, C. Chadwick, S. Fleischer, B. Nadal-
Ginard: Molecular cloning and characterization of the
ryanodine receptor/junctional channel complex cDNA from
skeletal muscle sarcoplasmic reticulum. Proc. Natl. Acad.
Sci. 86, 8683-8687 (1989)
6. Nakai, J., T. Imagawa, Y. Hakamata, M. Shigekawa,
H. Takeshima, S. Numa: Primary structure and functional
expression from cDNA of the cardiac ryanodine
receptor/calcium release channel. FEBS 271, 169-177
(1990)
7. Otsu, K., H. F. Willard, V. K. Khanna, F. Zorzato, N.
M. Green, D. H. MacLennan: Molecular cloning of cDNA
encoding the Ca2+ release channel (ryanodine receptor) of
rabbit cardiac muscle sarcoplasmic reticulum. J Biol Chem
265, 13472-13483 (1990)
8. Hakamata, Y., J. Nakai, H. Takeshima, K. Imoto:
Primary Structure and distribution of a novel ryanodine
receptor/calcium release channel from rabbit brain. FEBS
312, 229-235 (1992)
9. Imagawa, T., J. Smith, R. Coronado, K. Campbell:
Purified ryanodine receptor from skeletal muscle
sarcoplasmic reticulum is the Ca2+-permeable pore of the
calcium release channel. J. Biol. Chem. 262, 16636-16643
(1987)
10. Inui, M., A. Saito, S. Fleischer: Purification of the
ryanodine receptor and identity with feet structures of
junctional terminal cisternae of sarcoplasmic reticulum
from fast skeletal muscle. J.Biol. Chem. 262, 1740-1747
(1987)
11. Lai, F. A., H. P. Erickson, E. Rousseau, Q. L. Liu, G.
Meissner: Purification and reconstitution of the calcium
release channel from skeletal muscle. Nature 331, 315-319
(1988)
12. Inui, M., A. Saito, S. Fleischer: Isolation of the
ryanodine receptor from cardiac sarcoplasmic reticulum
and identity with the feet structures.  J. Biol. Chem. 262,
15637-15642 (1987)
13. Inui, M., S. Fleischer: Purification of Ca2+ release
channel (ryanodine receptor) from heart and skeletal
muscle sarcoplasmic reticulum. Methods in Enzymology
157, 490-505 (1988)
14. Brillantes, A. B., K. Ondrias, A. Scott, E. Kobrinsky,
E. Ondriasova, M. C. Moschella, T. Jayaraman, M.
Landers, B. E. Ehrlich, A. R. Marks: Stabilization of
calcium release channel (ryanodine receptor) function by
FK506-binding protein. Cell 77, 513-523 (1994)
15. Kobrinsky, E., K. Ondrias, A. R. Marks: Expressed
ryanodine receptor can substitute for the inositol 1,4,5-
trisphosphate receptor in Xenopus laevis oocytes during
progesterone- induced maturation. Dev. Biol. 172, 531-540
(1995)
16. Chen, S. R., P. Leong, J. P. Imredy, C. Bartlett, L.
Zhang, D. H. MacLennan: Single-channel properties of the
recombinant skeletal muscle Ca2+ release channel
(ryanodine receptor). Biophys J 73, 1904-1912 (1997)
17. Gaburjakova, M., J. Gaburjakova, S. Reeked, F.
Huang, S. O. Marx, N. Rosemblit, A. R. Marks: FKBP12
binding modulates ryanodine receptor channel gating. J
Biol Chem 276, 16931-16935. (2001)



Ryanodine receptors, PKA and FKBP12

976

18. Bhat, M. B., S. M. Hayek, J. Zhao, W. Zang, H.
Takeshima, W. G. Wier, J. Ma: Expression and functional
characterization of the cardiac muscle ryanodine receptor
Ca(2+) release channel in Chinese hamster ovary cells.
Biophys J 77, 808-816 (1999)
19. Hymel, L., M. Inui, S. Fleischer, H. G. Schindler:
Purified ryanodine receptor of skeletal muscle forms Ca2+-
activated oligomeric Ca2+ channels in planar bilayers.
Proc. Natl. Acad. Sci. USA 85, 441-444 (1988)
20. Lai, F., H. Erickson, B. Block, G. Meissner: Evidence
for a Ca2+ channel within the ryanodine receptor complex
from cardiac sarcoplasmic reticulum. Biochem. Biophys.
Res. Commun. 151, 441-449 (1988)
21. Smith, J. S., T. Imagawa, J. Ma, M. Fill, K. P.
Campbell, R. Coronado: Purified ryanodine receptor from
rabbit skeletal muscle is the calcium release channel of
sarcoplasmic reticulum. J. Gen. Physiol.  2, 1-26 (1988)
22. Brillantes, A.-M. B., K. Ondrias, T. Jayaraman, A.
Scott, E. Kobrinsky, B. E. Ehrlich, A. Marks: FKBP12
Optimizes function of the cloned expressed calcium release
channel (ryanodine receptor). Biophysical Journal 66, A19
(1994)
23. Ondrias, K., A. M. Brillantes, A. Scott, B. E. Ehrlich,
A. R. Marks: Single channel properties and calcium
conductance of the cloned expressed ryanodine
receptor/calcium-release channel. Soc Gen Physiol 51, 29-
45 (1996)
24. Bezprozvanny, I., J. Watras, B. Ehrlich: Bell-shaped
calcium response curves of Ins(1,4,5)P3- and calcium-gated
channels from endoplasmic reticulum of cerebellum.
Nature 351, 751-754 (1991)
25. Meissner, G.: Adenine nucleotide stimulation of
Ca2+-induced Ca2+ release in sarcoplasmic reticulum. J
Biol Chem 259, 2365-2374 (1984)
26. Meissner, G.: Ryanodine receptor/Ca2+ release
channels and their regulation by endogenous effectors.
Annu Rev Physiol 56, 485-508 (1994)
27. Chen, S. R. W., L. Zhang, D. H. MacLennan:
Characterization of a Ca2+ Binding and Regulatory Site in
the Ca2+ Release Channel (Ryanodine Receptor) of Rabbit
Skeletal Muscle Sarcoplasmic Reticulum. J. Biol. Chem.
267, 23318-23326 (1992)
28. Fill, M., R. Mejia-Alvarez, F. Zorzato, P. Volpe, E.
Stefani: Antibodies as probes for ligand gating of single
sarcoplasmic reticulum Ca2+-release channels. Biochem J.
273, 449-457 (1991)
29. Chu, A., M. Diaz-Munoz, M. Hawkes, K. Brush, S.
Hamilton: Ryanodine as a probe for the functional state of
the skeletal muscle sarcoplasmic reticulum calcium release
channel. Mol. Pharmacol 37, 735-741 (1990)
30. Hawkes, M. J., T. E. Nelson, S. L. Hamilton:
[3H]Ryanodine as a Probe of Changes in the Functional
State of the Ca2+-release Channel in Malignant
Hyperthermia. J. Biol. Chem. 267, 6702-6709 (1992)
31. Meissner, G., A. El-Hashem: Ryanodine as a
functional probe of the skeletal muscle sarcoplasmic
reticulum Ca2+ release channel. Mol and Cell. Biochem
114, 119-123 (1992)
32. Chen, S. R., L. Zhang, D. H. MacLennan:
Asymmetrical blockade of the Ca2+ release channel
(ryanodine receptor) by 12-kDa FK506 binding protein.
Proc. Natl. Acad. Sci. 91, 11953-11957 (1994)

33. Kaftan, E., A. R. Marks, B. E. Ehrlich: Effects of
rapamycin on ryanodine receptor/Ca(2+)-release channels
from cardiac muscle. Circ Res 78, 990-997 (1996)
34. Marks, A. R.: Immunophilin modulation of calcium
channel gating. Methods: A Companion to Methods in
Enzymology 9, 177-187 (1996)
35. Fabiato, A.: Calcium-induced release of calcium from
the cardiac sarcoplasmic reticulum. Am J Physiol 245, C1-
C14 (1983)
36. Nabauer, M., G. Callewart, L. Cleeman, M. Morad:
Regulation of calcium release is gated by calcium current,
not gating charge, in cardiac, myocytes. Science 244, 800-
803 (1989)
37. Marx, S. O., S. Reeked, Y. Hisamatsu, M.
Gaburjakova, J. Gaburjakova, Y. M. Yang, N. Rosemblit,
A. R. Marks: Phosphorylation-dependent Regulation of
Ryanodine Receptors. A novel role for leucine/isoleucine
zippers. J Cell Biol 153, 699-708 (2001)
38. Landschulz, W. H., P. F. Johnson, S. L. McKnight:
The leucine zipper: a hypothetical structure common to a
new class of DNA binding proteins. Science 240, 1759-
1764 (1988)
39. Leung, I. W., N. Lassam: Dimerization via tandem
leucine zippers is essential for the activation of the
mitogen-activated protein kinase kinase kinase, MLK-3. J
Biol Chem 273, 32408-32415 (1998)
40. Marx, S. O., J. Kurokawa, S. Reeked, H. Motoike, J.
D'Armiento, A. R. Marks, R. S. Kass: Requirement of a
macromolecular signaling complex for beta adrenergic
receptor modulation of the KCNQ1-KCNE1 potassium
channel. Science 295, 496-499 (2002)
41. Jayaraman, T., A.-M. B. Brillantes, A. P. Timerman,
H. Erdjument-Bromage, S. Fleischer, P. Tempst, A. R.
Marks: FK506 Binding Protein Associated with the
Calcium Release Channel (Ryanodine Receptor). J. Biol.
Chem. 267, 9474-9477 (1992)
42. Timerman, A. P., T. Jayaraman, G. Wiederrecht, H.
Onoue, A. R. Marks, S. Fleischer: The ryanodine receptor
from canine heart sarcoplasmic reticulum is associated with
a novel FK-506 binding protein. Biochem. Biophys. Res.
Commun. 198, 701-706 (1994)
43. Marks, A. R.: Cellular functions of immunophilins.
Physiol. Rev. 76, 631-649 (1996)
44. Schreiber, S.: Chemistry and biology of the
immunophilins and their immunosuppressive ligands.
Science 251, 283-287 (1991)
45. Timerman, A. P., E. Ogunbumni, E. Freund, G.
Wiederrecht, A. R. Marks, S. Fleischer: The calcium
release channel of sarcoplasmic reticulum is modulated by
FK-506-binding protein. Dissociation and reconstitution of
FKBP-12 to the calcium release channel of skeletal muscle
sarcoplasmic reticulum. Journal of Biological Chemistry
268, 22992-22999 (1993)
46. Ahern, G. P., P. R. Junankar, A. F. Dulhunty:
Subconductance states in single-channel activity of skeletal
muscle ryanodine receptors after removal of FKBP12.
Biophysical Journal 72, 146-162 (1997)
47. Shou, W., B. Aghdasi, D. L. Armstrong, Q. Guo, S.
Bao, M. J. Charng, L. M. Mathews, M. D. Schneider, S. L.
Hamilton, M. M. Matzuk: Cardiac defects and altered
ryanodine receptor function in mice lacking FKBP12.
Nature 391, 489-492 (1998)



Ryanodine receptors, PKA and FKBP12

977

48. Chen, L., T. F. Molinski, I. N. Pessah: Bastadin 10
Stabilizes the Open Conformation of the Ryanodine-
sensitive Ca(2+) Channel in an FKBP12-dependent
Manner. J Biol Chem 274, 32603-32612 (1999)
49. Marx, S. O., K. Ondrias, A. R. Marks: Coupled gating
between individual skeletal muscle Ca2+ release channels
(ryanodine receptors). Science 281, 818-821 (1998)
50. Marx, S. O., J. Gaburjakova, M. Gaburjakova, C.
Henrikson, K. Ondrias, A. R. Marks: Coupled gating
between cardiac calcium release channels (ryanodine
receptors). Circ Res 88, 1151-1158 (2001)
51. Marks, A. R.: Cardiac intracellular calcium release
channels: role in heart failure. Circ Res 87, 8-11 (2000)
52. Marks, A. R.: Ryanodine Receptors/Calcium Release
channels in Heart Failure and Sudden Cardiac Death. J Mol
Cell Cardiol 33, 615-624. (2001)
53. Hain, J., H. Onoue, M. Mayrleitner, S. Fleischer, H.
Schindler: Phosphorylation modulates the function of the
calcium release channel of sarcoplasmic reticulum from
cardiac muscle. J Biol Chem 270, 2074-2081 (1995)
54. Hohenegger, M., J. Suko: Phosphorylation of the
purified cardiac ryanodine receptor by exogenous and
endogenous protein kinases. Biochem J 296, 303-308
(1993)
55. Islam, M. S., I. Leibiger, B. Leibiger, D. Rossi, V.
Sorrentino, T. J. Ekstrom, H. Westerblad, F. H. Andrade, P.
O. Berggren: In situ activation of the type 2 ryanodine
receptor in pancreatic beta cells requires cAMP-dependent
phosphorylation. Proc Natl Acad Sci U S A 95, 6145-6150
(1998)
56. Lokuta, A. J., T. B. Rogers, W. J. Lederer, H. H.
Valdivia: Modulation of cardiac ryanodine receptors of
swine and rabbit by a phosphorylation-dephosphorylation
mechanism. J. Phys. 487, 609-622 (1995)
57. Takasago, T., T. Imagawa, M. Shigekawa:
Phosphorylation of the cardiac ryanodine receptor by
cAMP-dependent protein kinase. J Biochem (Tokyo) 106,
872-877 (1989)
58. Takasago, T., T. Imagawa, K. Furukawa, T. Ogurusu,
M. Shigekawa: Regulation of the cardiac ryanodine
receptor by protein kinase-dependent phosphorylation. J
Biochem (Tokyo) 109, 163-170 (1991)
59. Valdivia, H. H., J. H. Kaplan, G. C. Ellis-Davies, W.
J. Lederer: Rapid adaptation of cardiac ryanodine receptors:
modulation by Mg2+ and phosphorylation. Science 267,
1997-2000 (1995)
60. Yoshida, A., M. Takahashi, T. Imagawa, M.
Shigekawa, H. Takisawa, T. Nakamura: Phosphorylation of
ryanodine receptors in rat myocytes during beta-adrenergic
stimulation. J Biochem (Tokyo) 111, 186-190 (1992)
61. Bers, D. M. Excitation-Contraction Coupling and
Cardiac Contractile Force. Kluwer Academic Publishers,
Boston: (1991).
62. Reeked, S., M. Gaburjakova, J. Gaburjakova, K. L. He
Kl, A. Prieto, E. Becker, G. H. Yi Gh, J. Wang, D.
Burkhoff, A. R. Marks: b-Adrenergic receptor blockers
restore cardiac calcium release channel (ryanodine
receptor) structure and function in heart failure. Circulation
104, 2843-2848 (2001)
63. Tanaka, H., K. Nishimaru, T. Sekine, T. Kawanishi, R.
Nakamura, K. Yamagaki, K. Shigenobu: Two-dimensional
millisecond analysis of intracellular Ca2+ sparks in cardiac

myocytes by rapid scanning confocal microscopy: increase
in amplitude by isoproterenol. Biochem Biophys Res
Commun 233, 413-418 (1997)
64. Witcher, D. R., B. A. Strifler, L. R. Jones: Cardiac-
specific phosphorylation site for multifunctional
Ca2+/calmodulin-dependent protein kinase is conserved in
the brain ryanodine receptor. J. Biol. Chem. 267, 4963-
4967 (1992)
65. Marks, A. R., S. Reeked, S. O. Marx: Progression of
heart failure: is protein kinase a hyperphosphorylation of
the ryanodine receptor a contributing factor? Circulation
105, 272-275 (2002)
66. Marks, A. R., S. Priori, M. Memmi, K. Kontula, P. J.
Laitinen: Involvement of the cardiac ryanodine
receptor/calcium release channel in catecholaminergic
polymorphic ventricular tachycardia. J Cell Physiol 190, 1-
6 (2002)
67. Trafford, A. W., M. E. Diaz, G. C. Sibbring, D. A.
Eisner: Modulation of CICR has no maintained effect on
systolic Ca2+: simultaneous measurements of sarcoplasmic
reticulum and sarcolemmal Ca2+ fluxes in rat ventricular
myocytes. J Physiol (Lond) 522 Pt 2, 259-270 (2000)
68. Litwin, S. E., D. Zhang, J. H. Bridge: Dyssynchronous
Ca(2+) Sparks in Myocytes From Infarcted Hearts. Circ
Res 87, 1040-1047 (2000)
69. Gomez, A. M., H. H. Valdivia, H. Cheng, M. R.
Lederer, L. F. Santana, M. B. Cannell, S. A. McCune, R. A.
Altschuld, W. J. Lederer: Defective excitation-contraction
coupling in experimental cardiac hypertrophy and heart
failure. Science 276, 800-806 (1997)
70. Hobai, I. A., B. O'Rourke: Decreased sarcoplasmic
reticulum calcium content is responsible for defective
excitation-contraction coupling in canine heart failure.
Circulation 103, 1577-1584 (2001)
71. Li, Y., E.G. Kranias, G.A. Mignery, D.M. Bers: Protein
Kinase A Phosphorylation of the Ryanodine Receptor Does
Not Affect Calcium Sparks in Mouse Ventricular Myocytes
Circ. Res. 90, 309-316 (2002)

Key words:  Calcium, Excitation-Contraction Coupling,
Heart Failure, Review

Send correspondence to: Dr Andrew R. Marks, Center for
Molecular Cardiology, Box 65, Columbia University
College of Physicians & Surgeons, Rm 9-401, 630 West
168th Street, New York, NY 10032, Tel: 212-305-0270,
Fax: 212 305-3690, E-mail: arm42@columbia.edu


